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Abstract—This paper reports the behaviors of neuron cell N27 
growth on nanostructured surface and under transcranial 
magnetic stimulation (TMS) at single cell level for the first time. 
First, the growth of neuron cell N27 on anodic aluminum oxide 
(AAO) nanoporous surface has been studied. It has been found 
the cells show much preference to grow on the nanostructured 
surface over the flat coverslip glass surface. Second, the sizes of 
cells grown on AAO nanoporous surface with TMS and without 
TMS have been studied. It has been found the sizes of cells with 
TMS are statistically smaller than those without TMS in the 
same period of time, indicating the TMS might speed up the cell 
division. To verify this observation, the growth of single N27 
cells inside SU8 microholders with and without TMS has been 
investigated. It has been found that up to 17% more daughter 
cells can be divided when the cells are subjected to TMS 
compared to those without TMS. All these results suggest the 
TMS can contribute to the growth of N27 cells, benefiting the 
neuron regeneration.   
Index Terms— neuron cells, nanoporous surface, transcranial 
magnetic stimulation (TMS).  
 
I. INTRODUCTION 
Nanostructured bio-interfaces are one of the fastest 
emerging fields. For instance, over the past years, the unique 
properties of nanoporous anodic alumina oxide (AAO) thin 
film have greatly contributed to the development of a variety 
of novel biomedical and medicine applications, ranging from 
biofiltration membranes, lipid bilayer support structures, 
biosensing devices, and implant coatings to drug delivery 
systems with AAO capsules and scaffolds for tissue 
engineering [1-6]. Additionally, nanoporous AAO 
membranes have gained increasing interest as cell-interface 
substrates for manifold cell types [7]. 
On the other hand, transcranial magnetic stimulation 
(TMS) is a non-invasive neuromodulation technique that uses 
time varying short pulses of magnetic field to induce an 
electric field in the conductive tissues of the brain, thus 
modulating the synaptic transmission of neurons. This 
neuromodulation technique can be used to excite or inhibit the 
firing rate of neurons as a treatment for various neurological 
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disorders such as major depressive disorder, Parkinson's 
disease, post-traumatic stress disorder and migraine [8-9]. But 
the molecular/cellular mechanisms of neurons under TMS are 
still lacking. Hence, the effects of TMS on individual neurons 
needs to be thoroughly understood to fully utilize TMS as a 
neuromodulation tool for treating neurological disorders, 
especially those originating from subcortical regions of the 
brain.  
Herein, we will report the studies of neuron cell growth on 
the AAO nanoporous surface and also the effect of TMS on 
single neuron cells using a microchip.  
II. MATERIALS AND METHODS 
A. Neuron cell N27 
Immortalized rat mesencephalic cells (1RB3AN27, N27 
for short) are used in the experiments, these cells are grown in 
RPMI medium supplemented with 10% fetal bovine serum, 
1% L-glutamine, penicillin (100 U/ml), and streptomycin (100 
U/ml), maintained at 37°C in a humidified atmosphere of 5% 
CO2. 
 
Figure 1: SEM image of the AAO nanoporous surface fabricated using 
one-step anodization process. 
B. Preparation of AAO nanoporous substrate and glass 
substrate  
Preparation of AAO nanoporous substrate is briefly 
summarized as the following. After a layer of Al is deposited 
on glass substrate, a one-step anodization process is carried 
out to convert Al into nanoporous AAO thin film [10]. A SEM 
image of the AAO thin film is shown in Fig. 1. For both AAO 
nanoporous substrates and glass substrates, they are cleaned 
with DI water by ultra-sonicator (BARNSON 1510-fisher 
Scientific) for 5 mins, then disinfection of these substrates are 
achieved by cleaning with Acetone and Methanol by ultra 
sonicator for 5 mins in sequence. Then they are cleaned with 
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DI water by ultra sonicator for 5 mins and dried by a nitrogen 
gun, followed by air plasma cleaning (Harrick plasma-Pcd 
32G) for 3 mins. Finally, they are baked on a hot plate at 
150°C for 5 mins before they are ready for use. In some 
experiments, poly-D-lysine is coated on the substrates before 
the cells are seeded for experiments.  
 
Figure 2: Photo of the arrayed SU8 microholders and their close-up 
for studying the behaviors of single neuron cell.  
C. Microholder chip fabrication  
Microholders on a glass substrate are fabricated from 
polymer SU8 using a standard optical lithography process. 
The size of the microholders is designed as 180 µm × 180 µm 
so that the N27 cells can fully grow without any spatial 
limitations. A photo of the fabricated SU8 microholder chip 
and a close-up optical micrograph of four microholders are 
shown in Fig. 2.    
 
 
Figure 3: (a) Experimental setup for applying TMS on cells inside 
microholder chips, the chips are kept in petri dish holders filled with cell 
media; the magnetic field direction is perpendicular to the chip surface, 
one is upward, the other is downward. No magnetic field is applied on the 
chip for the control experiment; (b) sketch of the cross-section of the 
experimental setup; (c) the measured magnetic field strength and 
distribution generated by the TMS generator (‘8’ shape coil). 
D. Experimental setup for applying TMS on neurons  
An ‘8’ shape coil is used to apply TMS on cells as shown in 
Fig. 3(a-b). On the left side of the coil, the direction of the 
magnetic field (MF) is upward and perpendicular to the chip 
holder, while the direction of the MF on the right side of the 
coil is downward. Three chips in three holders are used for the 
experiments. The measured MF strength for the ‘8’ shape coil 
is shown in Fig. 3(b). The upward peak MF strength is 
~1.5MA/m and the downward peak MF is ~1.25 MA/m for the 
‘8’ shape coil, respectively.   
III. RESULTS AND DISCUSSION 
A.  Neuron cells growth on nanoporous surface vs. glass 
surface 
The N27 cells are seeded on the AAO nanoporous surface 
and coverslip and grow in RPMI medium supplemented with 
10% fetal bovine serum, 1% L -glutamine, penicillin (100 
U/ml), and streptomycin (100 U/ml), maintained at 37°C in a 
humidified atmosphere of 5% CO2. 
 
Figure 4: Optical images showing the N27 cell growth on nanoporous 
substrate (a-b) vs glass coverslip substrate (d-e): (a) and (d) after 
one-day growth; (b) and (e) after three-day growth (cells are pointed by 
red arrows); AFM images of (c) AAO nanoporous surfaces and (f) glass 
surface.   
The following phenomena have been observed: for the 
AAO and glass substrates, (1) if both substrates are not coated 
with poly-D-lysine, after the cells are seeded on them, the 
growth (adhesion and spreading) of N27 cells on AAO surface 
are much better than that on glass substrate; (2) if both 
substrates are coated with poly-D-lysine, the growth of N27 
cells on poly-D-lysine coated glass substrate becomes better, 
but not as good as that on poly-D-lysine coated AAO 
substrate. Representative optical images of the N27 growth on 
AAO and glass substrates after one day are shown in Fig. 4(a) 
and Fig. 4(d), respectively, and after three days are shown in 
Fig. 4(b) and Fig. 4(e), respectively. The AFM images of the 
AAO substrate and glass substrate are shown in Fig. 4(c) and 
Fig. 4(f), respectively. As shown, the roughness of the surface 
of AAO substrate is much larger than that of the coverslip. 
Clearly, the nanoporous surface of the AAO substrate is much 
preferred for cells’ adhesion and spreading, thus for their 
growth over the glass surface of coverslip [11]. 
  
Another observation is that if the glass substrate is 
subjected to an air plasma treatment and is coated with 
ploy-D-lysine several times, the growth of N27 cells becomes 
essentially similar to that on AAO nanoporous substrate. It 
should be noted that even without any plasma treatment and 
poly-D-lysine coating, the growth of N27 on AAO 
nanoporous substrates is always very good, again indicating 
the N27 cells’ preference to grow on the nanostructured 
surface. 
B. Effect of TMS on the behavior of neuron cells  
Several trials have been done to study the TMS effect on 
the behavior of N27 cells by monitoring the size (area) of the 
cells. In these experiments, the cells seeded on poly-D-lysine 
coated AAO surface have been investigated. The direction of 
the applied TMS on cells is illustrated in Fig. 3. 
Representative images showing the sizes (areas) of N27 cells, 
which are measured by an imaging analysis software, are 
given in Fig. 5(a).  
 
  
Figure 5: (a) Representative images showing N27 cells grown on a 
nanoporous AAO substrate; their sizes (areas) are measured by an 
imaging analysis software; N27 cells on poly-D-Lysine coated AAO 
nanoporous substrate (b) with a thickness of 1.3 µm and (c) with a 
thickness of 2.5 µm with TMS vs without TMS.   
In Fig. 5(b-c), the measured sizes (areas) of the cells with 
and without TMS are given. It is clearly shown that the 
average size of the cells with TMS is about 4.5% smaller than 
that of cells without TMS during the same period of time. 
Basically the measured sizes (areas) of cells with TMS are 
statistically smaller than those without TMS, suggesting that 
the division of cells with TMS might occur earlier than that of 
cells without TMS, namely the TMS might speed up the 
division of the cells.  
C. Single neuron cell growth in microholders  
In order to examine if the TMS can speed up the division 
of N27 cells, single N27 cell growth behavior in a microholder 
without and with TMS has been studied.  
Cell synchronization: In order to monitor the cell division 
accurately, cell synchronization, a process by which cells at 
different stages of the cell cycle in a culture are brought to the 
same phase, has been implemented in our experiments. The 
method we used is serum deprivation. Serum deprivation is a 
simple and reliable method by changing the percentage of 
fetal bovine serum from 10% to 1% in the medium. 9 hours 
before seeding the cells to the microholders, we replaced the 
medium with 10% fetal bovine serum with that with 1% fetal 
bovine serum to the cells. As the serum is very important to the 
growth of cells, the risk increases with the serum deprivation 
time. We choose 9 hours to make sure the cells will not die 
because of the serum deprivation. 
Cells’ seeding: Before we seeded cells from the flask to 
microholder devices, trypsin was used to detach the cells from 
the bottom of flask. After 2 or 3 minutes, we pipetted normal 
medium with 10% fetal bovine serum to the flask. Then the 




Figure 6: Representative images showing (a) the division of a single 
neuron cell in a microholder without TMS, (b) the division of a single 
cell with TMS (cells are pointed by red arrows); the measured ratio 
(difference/Nideal) under TMS vs no TMS: (c) TMS applied immediately 
after cells seeded into microholders;(d) TMS applied after cells’ 
growth inside microholders for 24 hrs. 
  
Representative optical images showing the single cell 
growth in microholders without TMS and with TMS are 
shown in Fig. 6(a) and Fig. 6(b), respectively. As shown in 
Fig. 6(a), without TMS, as expected, in most cases, one cell 
divides into two cells after one cell cycle (~24 hours), then 
four cells after another cell cycle (~48 hours). In contrast, in 
Fig. 6(b), one cell divides into two cells after one cell cycle 
(~24 hours), immediately at this point, the TMS is applied. 
The two cells divides into more than six cells after another cell 
cycle (~48 hours). As a result, due to TMS, two more new 
daughter cells have been divided.  
In order to more accurately analyze the effect of TMS on 
the cell division, the following experiments and analysis 
schemes have been carried out. Under ideal growth condition, 
one parent cell divides into two daughter cells in the first cell 
cycle, then into four daughter cells in the second cell cycle 
[12]. The difference (difference=Nw/TMS-Nideal or 
difference=Nw/oTMS-Nideal) between the cell numbers 
with/without TMS and the cell numbers under ideal growth 
condition (Nideal) has been calculated based on the 
measurements. Nw/TMS is the cell numbers with TMS, and 
Nw/oTMS is the cell numbers without TMS. The ratio R = 
difference/Nideal is used to evaluate the TMS effect on cell 
division. First, the TMS is applied immediately after the cells 
are seeded into microholders. As shown in Fig. 6(c), two trails 
have been carried out. In Trail 1, the ratio R is about +2.44% 
when an upward TMS is applied, the ratio is about +2.77% 
under a downward TMS. In the control experiment, the ratio is 
about -9.09% without applying TMS. In Trail 2, the ratio R is 
about +4.67% when an upward TMS is applied, the ratio is 
about +5.49% under a downward TMS. In the control 
experiment, the ratio is about -6.22%. For both trails, the net 
ratio R=R-Rcontrol is 10.89-11.53% under an upward TMS, 
and 11.71-11.86% under a downward TMS, respectively.  
In Fig. 6(d), the TMS is applied after 24-hour cell growth. 
In Trail 1, the ratio is about +18.72% when an upward TMS is 
applied, the ratio is about +18.62% under a downward TMS. 
In the control experiment, the ratio is about 2.67%. In Trail 2, 
the ratio is about +21.93% when an upward TMS is applied, 
the ratio is about +19.75% under a downward TMS. In the 
control experiment, the ratio is about 5.11%. For both trails, 
the net ratio R=R-Rcontrol is 16.05-16.56% under an upward 
TMS, and 14.64-15.95% under a downward TMS, 
respectively.  
Note that in each trail, the growth of about 100 single cells 
has been monitored. Based on these experiments, the TMS 
effect on cell growth is obvious. When the TMS is applied 
after cells’ 24-hour growth, the effect becomes even stronger.  
IV. SUMMARY 
In this paper, the nanoporous AAO surface has been 
evaluated for the growth of N27 cells. It has been found that 
N27 cells have clear preference to grow on the nanostructured 
surface over the flat surface. In addition, the effect of TMS on 
the growth of single N27 cells has been studied by measuring 
their size and monitoring their division in the microholders. It 
has been found that TMS can speed up the cell division, up to 
~17% more daughter cells are divided in the same cell cycle 
compared to those without TMS.  
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